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摘要 
I 
摘要 
由于结构独特、性质多样，由纳米材料和金属有机框架（metal-organic 
framework，简写为 MOFs）材料构筑形成的新型复合材料（简写为 NP@MOFs）
近年来已成为无机功能材料研究的一个热点。作为一种新型多孔晶态材料，MOFs
具有高的孔隙率、高的特殊表面积、高分散度以及结构可调等优点。当 MOFs
的这些结构特征与纳米材料独特的光、电、磁、催化等性质耦合时，不仅材料原
有的性质会被明显改善，而且会被赋予新的功能。然而，作为一个新兴的研究领
域，基于 MOFs 的复合纳米材料无论在设计合成还是功能开发方面都存在一些亟
待解决的问题。例如，目前常用的合成方法（如浸泡-原位还原法、封装法、一
锅煮法等）不能实现对 NP@MOFs 复合纳米材料结构的可控合成，这严重影响
了对 NP@MOFs 复合纳米材料构效关系的研究。鉴于上述原因，本论文研究致
力于发展出一种能够对 NP@MOFs 核壳型复合纳米材料的结构进行精确调控的
合成方法，希望能够确定影响 MOFs 在纳米颗粒模板表面生长机制的关键因素；
在此基础上，系统研究 NP@MOFs 复合纳米材料在光电响应、催化等方面的性
质，以期阐明 NP@MOFs 复合纳米材料在上述应用中的构效关系。论文主要研
究成果如下： 
1）提出了一种以金属氧化物（MO）纳米结构为自牺牲模板制备 MO@MOFs
核壳型异质纳米材料的普适方法。以 ZnO 纳米结构为模板，我们通过对反应温
度、溶剂比例等实验参数的控制成功合成出 ZnO@ZIF-8 纳米棒（管）及其阵列，
发现实现模板自牺牲过程中刻蚀速率和配位速率之间的匹配是获得具有核壳结
构的 NP@MOFs 复合纳米材料的关键。此外，这种复合结构可将 ZnO 纳米棒阵
列的光电性质与 MOFs 孔道的分子尺寸选择性有效的结合起来，因而对过氧化氢
（H2O2）和抗坏血酸（AA）表现出分子尺寸相关的、截然不同的光电响应行为，
而这一性质有望应用于具有分子尺寸识别功能的光电化学传感器。 
2）考察了 MOFs 壳层的结构稳定性对于 NP@MOFs 核壳型复合纳米材料生
长机制与传感性能的影响。我们通过自牺牲模板法成功制备出分别以柔性 MOFs
（即 ZIF-7）和刚性 MOFs（即 ZIF-71）为壳层的两种不同类型的 ZnO@MOFs
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II 
复合纳米材料（即 ZnO@ZIF-7 和 ZnO@ZIF-71），发现柔性 ZIF-7 在 ZnO 纳米棒
上的生长表现出内外双向生长的模式，而刚性 ZIF-71 在 ZnO 纳米棒上倾向于向
外单向生长的模式。此外，ZnO@MOFs 复合纳米材料的光电测试和 ZIF-7 单晶
的介电测试结果表明，由于柔性 ZIF-7 框架的“开/关门”行为使得 MOFs 壳层对检
测体系中的客体分子（空穴捕获剂）失去了尺寸限制的作用，因而 ZnO@ZIF-7
复合纳米结构表现出与 ZnO@ZIF-71 截然不同的光电化学响应。 
3）探讨了自牺牲模板的表面结构（即暴露晶面）对于 NP@MOFs 复合纳米
材料结构的影响。我们通过 ZnO 纳米棒和配体对苯二甲酸之间的自牺牲反应得
到了以 ZnO 纳米棒为干、片状 Zn-MOFs 为枝的 ZnO/Zn-MOFs 分级复合纳米结
构，其中 Zn-MOFs 分枝与 ZnO 纳米棒表面（即{101ത0}晶面）之间存在 61的夹
角。通过对 ZnO 和 Zn-MOF 的晶体结构的深入分析，我们发现 Zn-MOF 在 ZnO
表面上这种独特的外延生长不仅与 ZnO 模板暴露的表面结构有关，还与两种晶
体中存在的极性晶面有关。 
4）拓展了自牺牲模板法的应用范围。我们通过以 Ti-MIL-125 为自牺牲模板
制备了多孔 TiO2 纳米盘结构，并将其应用于金属纳米催化剂的载体和光催化剂。
通过两步光还原法得到了高分散于多孔 TiO2 上的亚纳米级的 Pt@Rh 核壳结构
（0.90±0.27 nm）。由于 Pt@Rh 核壳结构的超小尺寸和 Pt/Rh 之间的协同效应，
我们制备的 Pt@Rh/p-TiO2 对胺硼烷水解放氢表现出了超高的催化活性。 
 
关键词：金属有机框架；多功能复合材料；自牺牲模板法  
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Abstract 
Recently, composites composed of metal-organic frameworks (MOFs) and 
nanomaterials, mainly formed as nanoparticle (NP)@MOFs, have attracted increasing 
research interests, owing to their unique structures and potential applications in many 
fields. As a new type of porous crystalline functional materials, MOFs have the 
advantages of high porosity, high specific surface area, and high tunability in structure. 
When combining the good properties of MOFs with the unique applications of 
nanomaterials in optic, electronic, magnetic, catalysis and so on, NP@MOFs always 
exhibit enhanced or even novel properties compared to their prestine counterpart. 
However, as an emerging area, there are still big challenges in the designed 
fabrication and function development for NP@MOF composite nanomaterials. For 
example, the current synthetic methods (such as immersion-reaction method, 
encapsulation method and one-pot synthesis) are faced with some difficulties in the 
structure-controlled syntheses of NP@MOF composite nanomaterials, which is very 
necessary for building the structure-properties relationship of materials. Therefore, 
this dissertation is aimed at developing some new methods to accurately control the 
fabrication of NP@MOFs core-shell nanocomposites and finding out key factors 
responsible for the formation of MOFs on NPs surfaces; furthermore, we 
systematically investigated the properties of NP@MOF composite nanomaterials in 
photoelectrochemistry and catalysis to understand the structure-properties 
relationships of NP@MOFs in these applications. The main results and conclusion are 
listed below:  
1) We developed a versatile method for the controlled synthesis of metal oxide 
(MO)@MOFs heterostructures with MO as the self-sacrificial templates. Take ZnO as 
an example, ZnO@ZIF-8 nanostructures, including nanorods, nanotubes and their 
arrays, have been successfully synthesized by carefully tuning reaction conditions (e.g. 
reaction temperature and solvent ratio). It was found that the matching between the 
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etching rate of templates and coordination rate of metal ions is the key factor for the 
formation of NP@MOFs composites. In addition, the as-prepared ZnO@ZIF-8 
nanorod array presented molecule-size-selective PEC (photoelectrochemical) 
responses towards H2O2 and ascorbic acid (AA) due to the combination of ZIF-8 
molecular sieve property and PEC property of ZnO, which makes it possible to use 
ZnO@ZIF-8 nanorod array as molecule-size-selective PEC sensors.  
2) We mainly investigated the influences of MOF’s structure flexibility on the 
formation of ZnO@MOF nanocomposites and their sensing properties. To this end, 
two kinds of ZnO@MOF nanorods, ZnO@ZIF-7 and ZnO@ZIF-71, were specially 
prepared via our proposed self-sacrifical template stretatey ZnO nanorods. For ZIF-7 
with gate-opening behavior, the shell of the as-fabricated ZnO@ZIF nanorods 
exhibited a typical bidirectional growth mode. However, for ZIF-71 with a rigid 
structure, the shell of the ZnO@ZIF nanorods preferred a unidirectional growth mode. 
In addition, the ZnO@ZIF-7 nanorods continuously exhibited positively enhanced 
PEC responses with the addition of different-sized hole scavengers, which differs 
from the evident size-selective responses observed for the ZnO@ZIF-71 nanorods. 
Therefroe, the structural flexibility of both the MOFs could be easily judged from the 
distinct molecular-size-related formation modes and photoelectro-chemical 
performances between the two ZnO@ZIF hetero-structures. 
3) We further investigated the influence of surface structures (i.e., exposed faces) 
of self-sacrificial template on the formation of NP@MOFs nanocomposites. By using 
1,4-benzene dicarboxylic acid as ligand to react with ZnO nanorods, hierarchical 
ZnO/Zn-MOFs composites, in which shark fin-like Zn-based MOFs (Zn(BDC)) 
sheets were epitaxially grown on {101ത0} surfaces of ZnO nanorods with a titled 
angle of 61°, successfully fabricated. Through deep analysis with regard to the crystal 
structures of Zn(BDC) and ZnO, it was found that this unique epitaxial growth of 
Zn(BDC) on {101ത0} facets of ZnO was associated with the presence of polar planes 
in two crystals as well as atom arrangement at the interface of ZnO and Zn(BDC).  
4) We extended the self-sacrificial template strategy to the fabrication of 
MOF-related composites. Porous TiO2 nanoplates (p-TiO2) were successfully 
厦
门
大
学
博
硕
士
论
文
摘
要
库
Degree papers are in the “Xiamen University Electronic Theses and Dissertations Database”. Full
texts are available in the following ways: 
1. If your library is a CALIS member libraries, please log on http://etd.calis.edu.cn/ and submit
requests online, or consult the interlibrary loan department in your library. 
2. For users of non-CALIS member libraries, please mail to etd@xmu.edu.cn for delivery details.
厦
门
大
学
博
硕
士
论
文
摘
要
库
